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a b s t r a c t
This work investigated the effect of two extreme normalized stress gradients (η = 17%
vs. 36% µm−1) on the fully-reversed bending fatigue behavior (fatigue life and fatigue
crack propagation curves) of 20-µm-thick, electroplated Ni microbeams, in humid air
environments. The results highlight the significant challenge in predicting the bending
fatigue life of microbeams subjected to extreme stress gradients, which was measured to
be three order of magnitudes larger for η = 36%µm−1 at a stress amplitude of∼450 MPa.
The fatigue life is dominated by the ultraslow growth of microstructurally small cracks,
which is a strong function of the normalized stress gradient. For η = 17% µm−1, the crack
growth rates are initially about one order of magnitude larger than for η = 36% µm−1
and, in contrast to the larger stress gradient microbeams, do not decrease with increasing
crack size. This singular behavior results in low Basquin and Coffin–Manson exponents (in
absolute value) compared to η = 0. As a result, the fatigue endurance limit increases from
35% to 50% of the tensile strength for η increasing from 17% to 36%µm−1, compared to 30%
in the absence of stress gradients. The environmental effects are also discussed.
© 2016 Elsevier Ltd. All rights reserved.1. Introduction
Fatigue degradation in bulk structures usually occurs
first ahead of notches, at the location of stress concen-
trations. The fatigue limit of a notched structure, in term
of notch root stress (σe,n), is typically larger than that of
a smooth specimen (Se,u): σe,n > Se,u. In term of nom-
inal, far-field stress, the fatigue limit of a notched struc-
ture (Se,n) is larger than the unnotched limit divided by the
stress concentration factor, kt : Se,n > Se,u/kt . The ratio be-
tween unnotched and notched limit is defined as the fa-
tigue notch factor, kf = Se,u/Se,n. The physical explanation
is related to the stress gradients that are present ahead of
a notch and the fact that fatigue occurs within a process
zone of a finite volume that is subjected to a lower aver-
age stress than the maximum stress at the notch root [1].
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unnotched fatigue limit (or equivalently the prediction of
kf ) requires an empirical equation of the notch sensitivity
factor, q, defined as
q = kf − 1
kt − 1 . (1)
The empirical equations for q depend on the material and





with α being a material constant and ρ the notch radius.
This empirical equation captures the experimental trend
that the sharper the notch, the larger the notch root stress
fatigue limit, due to the larger stress gradients. The effects
of stress gradients were more directly taken into account
by Lukas and Klesnil who developed a model to predict
fatigue limits in notched bodies that relies on the stress
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that fatigue failure occurs if a crack can grow large enough
to reach a critical size that corresponds to the threshold
stress intensity factor range, 1K th (for long cracks) [2].
One additional reason for the sharp notch increased fatigue
limit is the formation of non-propagating cracks—cracks
nucleating at the notch root but unable to propagate due to
the decreasing stress intensity factor rangewith increasing
crack size, which occurs for sharp enough notches (for
example, less than 2.5 mm for circular notches) [3,4].
It is important to realize that the aforementioned ap-
proaches to predict the fatigue limit of notched compo-
nents in bulk materials cannot necessarily be applied to
microscale equivalents, such as metallic microbeams un-
der bending. In these micro-components (especially un-
der bending), the stress gradients are much steeper than
in bulk materials due to the microscopic dimensions. Typ-






where dσ/dx represents the stress gradient across the
beam (with or without the presence of a notch for bend-
ing loading), do not exceed 1%–2% µm−1 in bulk mate-
rials [2,5]. In contrast, η can be more than one order of
magnitude larger for microbeams under bending, making
the investigation of this physical size effect an outstand-
ing challenge to accurately predict the bending fatigue life
of metallic micro-components widely used in applications
such as flexible/stretchable electronics and micro/nano
electromechanical systems (MEMS/NEMS) [6–12]. In addi-
tion, anothermicrostructural size effectmust be considered
as well, related to the fact that fatigue cracks propagating
from the edges of microbeams towards the neutral axis are
microstructurally small (their size is commensurate with
the grain size), and therefore do not follow the classical
crack propagation equations (Paris law) [13]. We recently
highlighted the singular fatigue behavior of electroplated
Ni notched microbeams with normalized stress gradients
of 36%µm−1, characterized by a large endurance limit (50%
of the ultimate tensile strength, vs. 30% for bulk Ni or elec-
troplated Ni films under tensile loading) and ‘‘shallow’’
stress–life and strain–life curves [14]. This singular behav-
ior appeared to result from the growth ofmicrostructurally
small cracks under extreme stress gradients which was
characterized as ultraslow with decelerating crack growth
rates. That study highlighted the need to further character-
ize the effects of different stress gradients values on crack
growth rates and fatigue lives in order to accurately predict
the small-scale fatigue damage in metallic microbeams.
In this paper, we compare the fully-reversed bending
fatigue behavior of electroplated Ni microbeams with
two different geometries, corresponding to two different
η (17 vs. 36%µm−1) in order to unambiguously determine
the extreme stress gradient effects in small-scale fatigue.
2. Methods
The principle of operation of the Ni fatigue microres-
onators used in this study has already been described in
details in previous publications [14–18]; hence only a briefdescription of the method is given in this section, with a
focus on the difference in microbeam geometry which re-
sults in different η values.
2.1. Fatigue specimens and material
Fig. 1(a) shows a SEM image of a Ni microresonator,
while Fig. 1(b) and (c) shows images of the twomicrobeam
geometries employed in this study. These specimens were
fabricatedwith theMetal MUMPs process fromMEMSCAP.
Metal MUMPs is an electroplated Ni micromachining
process, which includes the patterning of a thick layer
of photoresist that forms a patterned stencil for the
electroplatedNi. The electroplating process is at 30 °C,with
a current density of 20mA/cm2 and a pH level of 4 [19]. The
notched microbeam (see Fig. 1(c)) is 14.8 µmwide with a
4-µm-root-radius notch, corresponding to η = 36%µm−1
over the first twomicrometers (see stress profile across the
beam’s width in Fig. 1(e) and below for details). The other
microbeam (see Fig. 1(b)) has a width of 11.3 µm at its
narrowest section, which corresponds to η = 17% µm−1
(see stress profile across its width in Fig. 1(d) and below
for details). Both microbeams are 20 µm thick, with a
0.5-µm-thick Au layer on top, and are connected to a large
fan-shaped mass with two sets of interdigitated fingers
(two ‘‘combs’’, one for electrostatic actuation and one for
capacitive sensing of motion); see Fig. 1(a).
The tensile properties of the 20-µm-thick electroplated
Ni layer have already been measured: yield stress of
656± 70 MPa, tensile strength of 873± 26 MPa, and duc-
tility of 7.4 ± 2.8% [16]; see Table S1 in the Supplemen-
tary Information giving also the fitting parameters for the
Ramberg–Osgood constitutive equation, from which the
stress–strain curve shown in Fig. 1(f) was obtained. The Ni
layer has a strong ⟨001⟩ crystallographic out-of-plane tex-
ture and a columnar microstructure, with columnar grains
that are∼5–10 µm in height and∼1–2 µm in width [16].
The elastic modulus (ENi = 172 GPa at 30 °C, and 166 GPa
at 80 °C) used in this study is consistent with this tex-
ture [16]. The cross-section of the microbeams at the loca-
tion of fatigue damage for both geometries therefore con-
sists of ∼5–10 grains across the width and ∼2–4 grains
across the thickness. Although there is a limited number of
grains through the specimen’s width, the stress gradients
were calculated using finite element models with the ma-
terial properties listed in Table S1. The lowvariability in the
measured initial f0 between specimens (see Section 3.1)
and the good match between the measured f0 and the cal-
culated one from finite element modal analysis [16] justify
the use of this model to characterize the stress gradients.
2.2. Fatigue testing principles
The microresonators consist of a micro-scale equiva-
lent of bulk ultrasonic fatigue testers: driven at resonance
(resonance frequency, f0 ∼ 8–10 kHz), they lead to fully-
reversed cyclic bending of the microbeams, and fatigue
failure under large enough amplitudes of rotation [14,20].
During a fatigue test (performed in controlled environ-
ments, either mild (30 °C, 50% RH), or harsh (80 °C, 90%
F. Sadeghi-Tohidi, O.N. Pierron / Extreme Mechanics Letters 9 (2016) 97–107 99Fig. 1. (a) Inclined SEM image of entire microresonator; (b) microbeam characterized by η = 17%µm−1 (see (d) stress distribution across the beamwidth
for an angle of rotation of 5 mrad); (c) SEM image of the notched microbeam characterized by η = 36% µm−1 (see (e) stress distribution across the beam
width for an angle of rotation of 6.4 mrad); (f) Modeled stress–strain curve for the electroplated Ni (see Table S1 for measured tensile properties).RH)), the microresonators are kept at resonance at a con-
stant input voltage amplitude Vin by periodically measur-
ing f0 which decreases due to fatigue crack nucleation
and propagation [14,16]. The evolution of f0 is measured
throughout the fatigue test. The fatigue life,Nf , is defined as
the number of cycles to decrease the initial f0 by 10%which
corresponds to a crack size, a, of∼2 µm (at the notch side
for η = 36% µm−1, on both sides for η = 17% µm−1) [20].
The initial stress amplitude, σa, at the notch root or beam
edge, is calculated by measuring at the beginning of the
test the amplitude of motion, θ0, (see Fig. S1(a) in the Sup-
plementary Information for all the measured θ0 values as
a function of driving force, V 2in) and by using a finite ele-
ment model to predict the corresponding stress (see Fig.
S1(b) in the Supplementary Information) [14]. As shown
in Fig. 1(f) and S1(b), the maximum σa is ∼520 MPa (cor-
responding to a plastic strain amplitude, εpa = 0.1%) for
η = 36% µm−1, and ∼440 MPa for η = 17% µm−1, well
below the yield stress (see Fig. 1(f)). The stress calculation
relies on themonotonic propertiesmeasured fromuniaxial
specimens [16], and therefore ignores any possible harden-
ing due to strain gradient plasticity [21,22]. This simplifi-
cation is largely justified by the fact that the deformation
regime studied in this investigation is nominally elastic.
In this study, the experiments consisted of measuring
the fatigue response as a function of σa, for two differ-
ent normalized stress gradients (η = 17 vs. 36% µm−1).
No systematic statistical variation study was performed;
instead the trends were compared to investigate the role
of extreme stress gradients on the fatigue of these mi-
crobeams. In addition to measuring Nf , we demonstratedthat this technique provides as well crack growth rates in-
formation [14,20]. Two-dimensional finite elementmodels
(fem) were employed to correlate the decrease in f0 to the
crack size, a, on the edges of the microbeams, as a function
of cycles, from which crack growth rates can be calculated
(see Section 3.3).
3. Results and discussion
3.1. Resonance frequency evolution
Fig. 2(a) and (b) show four representative normalized f0
evolution curves for η = 36% µm−1 at 30 °C, 50% RH and
80 °C, 90% RH, respectively, while Fig. 2(c) and (d) show, for
the same two environments, three representative curves
for η = 17% µm−1. The frequency is normalized with re-
spect to its initial valuewhich varies slightly between spec-
imens owing to the inherent variability associatedwith the
microfabrication processes [16,23] (for η = 17%µm−1, the
average f0,i is 8630 Hz (out of twenty two specimens) with
a standard deviation of 210 Hz). The failure threshold is in-
dicated in all these plots at f0/f0,i = 0.9 (corresponding
to a 20% decrease in stiffness resulting from fatigue dam-
age); the curves remaining above this threshold are con-
sidered run-outs. The influence of stress gradient is clearly
illustrated in these figures. For example, at 30 °C, 50% RH, a
36%µm−1 normalized stress gradientmicrobeam tested at
σa = 390MPa only loses∼2% of its f0 after 109 cycles (run-
out; see Fig. 2(a)) while a 17% µm−1 microbeam tested at
a lower σa = 355 MPa loses ∼45% (fatigue failure) of its
initial f0 in 1.8× 107 cycles (see Fig. 2(c)). Similarly, in the
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Fig. 2. Normalized f0 evolution, f0/f0,i , as a function of cycles for representative specimens for the following conditions: (a) η = 36%µm−1 tested at 30 °C,
50% RH (f0,i ∼ 8200 Hz); (b) η = 36% µm−1 tested at 80 °C, 90% RH; (c) η = 17% µm−1 tested at 30 °C, 50% RH (f0,i ∼ 8700 Hz); and (d) η = 17% µm−1
tested at 80 °C, 90% RH. In (a), σa = 450MPa is considered a run-out specimen even though testing was interrupted at 4.5×108 instead of 109 cycles, given
the small decrease rates in f0 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)harsh environment, a 36% µm−1 normalized stress gradi-
ent microbeam tested at σa = 405 MPa only loses ∼3%
of its f0 after 109 cycles (see Fig. 2(b)), while a 17% µm−1
microbeam tested at a lower σa = 365 MPa loses ∼25%
(fatigue failure) of its initial f0 in ∼9 × 106 cycles (see
Fig. 2(d)). Hence the total decrease in f0, resulting from
fatigue crack nucleation and propagation, is much larger
for a given σa with the lower normalized stress gradient
(η = 17%µm−1), as illustrated in Fig. S2 in the Supplemen-
tary Information, showing the normalized total decrease in
f0,1f0/f0 as a function of σa for all tested specimens.
Another notable difference between the two normal-
ized stress gradient values can be seen in the harsh en-
vironment (Fig. 2(b) vs. Fig. 2(d)). For η = 36% µm−1, f0
is observed to increase for most tests performed at σa <
450 MPa after an initial decrease occurring over the first
∼2× 108 cycles, with the amount of increase being largerfor larger σa values [14,17]. The increase in f0 was at-
tributed to larger amounts of oxidation at the location of
the extrusions along the notch root in the harsh environ-
ment with respect to the mild one [14,17]. In contrast, for
η = 17% µm−1, no such increase in f0 can be observed for
σa > 300 MPa; only small increases can be observed for
low σa < 265 MPa. One possible explanation is that for
the range of σa where this behavior was observed for η =
36% µm−1 (between ∼300 and 450 MPa), the specimens
fail in less than 108 cycles for η = 17%µm−1 (see Fig. 2(d)),
which would prevent the increase in f0 from happening.
3.2. Fatigue damage observations
Fig. 3 shows the fatigue damage that developed at the
top surface and along the sidewalls of the 17% µm−1-
normalized-stress-gradientmicrobeams at both 30 °C, 50%
F. Sadeghi-Tohidi, O.N. Pierron / Extreme Mechanics Letters 9 (2016) 97–107 101Fig. 3. SEM images of the 17%µm−1-normalized-stress-gradientmicrobeams sidewalls and top surface after fatigue testing: (a) low-magnification image;
(b) σa = 385 MPa,Nf = 2 × 106 cycles, 1f0/f0 = 11% at 30 °C, 50% RH; (c) σa = 365 MPa,Nf = 6.5 × 106 cycles, 1f0/f0 = 45% at 80 °C, 90% RH (see
corresponding f0 evolution in Fig. 2(d) and EDS results in Fig. S3 in the Supplementary Information); (d) σa = 380MPa,Nf = 1.2×107 cycles,1f0/f0 = 24%
at 80 °C, 90% RH; (e) σa = 320 MPa,N = 109 cycles,1f0/f0 = 6% at 80 °C, 90% RH.RH (Fig. 3(b)) and 80 °C, 90% RH (Fig. 3(c)–(e)). Unlike for
the notched microbeams where fatigue cracks developed
first at the notch before nucleating as well on the back
side (due to the asymmetrical geometry; see Fig. 1(c)) [14],
these fatiguedmicrobeamshave twomain cracks of similar
length, one on each side of the beam (see the left SEM im-
ages in Fig. 3(b)–(d)). The longer these two cracks observedat the top surface, the larger the corresponding decrease
in f0 (see Fig. 3 caption), confirming that the decrease in
stiffness due to cracking dictates the measured decrease
in f0 [20]. For run-out specimens, cracks may or may not
be present, depending on the amount of fatigue damage
(i.e. decrease in f0, dictated by σa); see for example Fig. 3(e)
where one short crack was observed on only one side. Fa-
102 F. Sadeghi-Tohidi, O.N. Pierron / Extreme Mechanics Letters 9 (2016) 97–107Fig. 4. EDS results for a fatigue test at 30 °C, 50% RH, with η = 17% µm−1, σa = 355 MPa,Nf = 1.5 × 107 cycles, 1f0/f0 = 40% (see corresponding
f0 evolution in Fig. 2(c)): (a) SEM image of sidewall with elemental concentration calculation at various point spectra; (b) corresponding elemental maps
showing increased oxygen concentration at the location of fatigue extrusions; (c) SEM image of fracture surface with elemental concentration calculation
at various point spectra; (d) corresponding elemental maps showing increased oxygen concentration along the fatigue crack flanks; (e) high magnification
SEM image of the fracture surface showing stage I crystallographic cracks.tigue damage along the sidewalls can be observed along
almost the entire length of the beam (depending on the σa
value; see center images in Fig. 3(b)–(e)), even though the
twomain cracks growing towards the neutral axis only de-
velop at one location (near the middle section). The dam-
age along the sidewalls consists of extrusions, each individ-ual extrusion covering an area of approximately 1–2 µm
by 5–10 µm, suggesting that these extrusions develop in
individual grains. At the location of the main cracks, the
extrusions cover the entire thickness of the microbeam,
and cracks can be seen along their edges. These cracks link
up together to form a ‘‘2D’’ crack, i.e., a crack extending
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crack arrangement can be better seen in the cross-section
SEM images shown in Fig. 4(c) and (e) and that were ob-
tained after carefully sectioning the remaining center liga-
ment after the fatigue tests. Specifically, Fig. 4(e) shows a
large grain with a 1-µm-tall surface extrusion and a crys-
tallographic crack crossing the entire grain before switch-
ing to a different direction at the adjacent grain. The fact
that stage I crystallographic cracks develop is also mani-
fested by the zig-zag patterns of the cracks observed at the
top surface and the∼45° angle at which these cracks grow
(see left SEM images in Fig. 3(b)–(e)).
As will be shown in Sections 3.3 and 3.4, the fatigue
response of the microbeams displays little differences be-
tween the two investigated environments (30 °C, 50% RH
vs. 80 °C, 90% RH). Energy dispersive spectroscopy (EDS)
results show indeed similar footprints of the two environ-
ments. Fig. 4 summarizes the EDS results along the side-
walls and fracture surface (after breaking the remaining
ligament at the end of the fatigue test) of a 17% µm−1-
stress-gradient microbeams tested at 30 °C, 50% RH (σa =
355 MPa,Nf = 1.8 × 107 cycles, see Fig. 2(c) for the cor-
responding f0 evolution). See also Fig. S3 in the Supple-
mentary Information for the EDS results along the side-
walls and fracture surface of a 17% µm−1-stress-gradient
microbeams tested at 80 °C, 90% RH (σa = 365 MPa,Nf =
6 × 106 cycles, see Fig. 2(c) for the corresponding f0 evo-
lution and Fig. 3(c) for additional SEM images). The ele-
mental maps of the beams’ sidewalls reveal that all the
extrusions are associated with much larger oxygen con-
tents than the adjacent areas subjected to the same σa
where no extrusions were formed (see Fig. 4(a)–(b); see
also Fig. S3(a)–(b) in the Supplementary Information). Lo-
cal spectra in Fig. 4(a) show that the oxygen concentra-
tion is only ∼1 wt% in areas away from the extrusions,
but up to 20–25 wt% at the location of extrusions. The in-
creased oxygen concentration was also observed for the
36% µm−1-stress-gradient microbeams [14] and must be
related to the cyclic slip activities occurring at the extru-
sions, perhaps due to a sweeping mechanism from which
oxygen orwatermolecules get incorporated into themate-
rial during slip reversal of newly exposed and oxidized slip
steps [24]. We recently showed using transmission elec-
tronmicroscopy that the extrusions formed in the notched
microbeams (η = 36% µm−1) at lower σa after billions
of cycles were associated with thick surface oxides from
which cracks could nucleate [17]; see as well [6]. Here, the
f0 evolution plots (see Fig. 2) suggest that fatigue cracks
nucleate very early, such that the governing fatigue crack
nucleation mechanism is more likely to be the classical
mechanism based on stress concentration at the extru-
sion edges [25]. However, the EDS results for the frac-
ture surfaces hint to a strong environmental component
for the fatigue crack growth process of the stage I, crys-
tallographic cracks. Indeed, the elemental maps also show
large oxygen contents along the fatigue crack flanks (see
Fig. 4(d); see also Fig. S3(d) in the Supplementary Informa-
tion), with local spectra within the fatigue fracture surface
associated with up to 10–15 wt% in oxygen (see Fig. 4(c);
see also Fig. S3(c) in the Supplementary Information), butnot, importantly, along the surface of the remaining liga-
ment in the center that was broken after the fatigue test
(where the oxygen concentration is less than 5 wt%). Stage
I fatigue cracks are known to be associated with much
slower growth rates in inert environments, due to mech-
anisms such as chemisorbed oxygen (or crack tip oxida-
tion) that increases the slip irreversibility at the crack tip
and prevents the rewelding of these small, crystallographic
cracks [24,26,27]. The EDS results therefore suggest simi-
lar operating mechanisms for the microstructurally small
cracks growing in these microbeams.
3.3. Fatigue crack growth rate curves
We recently demonstrated that the measured f0 evo-
lution can be used to calculate the crack growth rates in
thesemicrobeams [20]. Essentially, themeasured decrease
in f0 is directly related to a decrease in beam stiffness due
to cracking, through finite element models. Using these
models, the f0 evolution curves are transformed into crack
size a vs. N plots (see Fig. 5(a), corresponding to the raw
data shown in Fig. 2(c)). The crack size a should be un-
derstood as an equivalent 2D crack size that leads to the
same decrease in f0 as in the actual fatigued micro-beam
in which several cracks across the thickness may nucleate
separately in adjacent grains (as explained in the previ-
ous section). These plots are then transformed into crack
growth rates, da/dN , as a function of a. Initially, we cal-
culated the rates using the secant method [20], which led
to a large amount of scatter in the results compared to us-
ing polynomial fits of successive segments of a vs.N curves
(from a = 0 to 0.5 µm, 0.5 to 1 µm, etc.) to compute the
rates [14]. Fig. 5(b) shows the crack growth rate curves cor-
responding to Fig. 5(a) using the polynomial fit method.
The crack growth tendencies are a strong function of σa.
For σa = 305 MPa (run out specimens), the rates are ul-
tralow and decreasing with crack size. For σa = 355 and
400 MPa, the rates are larger (although still ultralow with
respect to long cracks rates) and do not decreasewith crack
size. Instead, they are fairly constant over the first 2 mi-
crometers, after which the rates increase with increasing
a. This behavior is unlike that of long cracks [28] and is in-
terpreted as the consequence of having microstructurally
small cracks under extreme stress gradients. The grain
boundaries that are 1–2 µm from the surface (see for ex-
ample Fig. 4(e)) act as a microstructural barrier to crack
propagation [13]. This decelerating effect is also observed
in microstructurally small cracks in bulk metals, although
the crack growth rates are much larger in that case (in fact
larger than the long cracks’ rates) [28]. Here the ultralow
rates are likely the consequence of the presence of extreme
stress gradients.
The fact that these stress gradients play a significant
role in the fatigue degradation of themicrobeams is further
illustrated by their strong effect on the crack growth rates.
For η = 36% µm−1, we demonstrated that the crack
growth rates tend to decrease with increasing a, for the
entire range of σa (up to 500 MPa) [14], in contrast to the
behavior observed for η = 17% µm−1 (see comparison in
Fig. 5(b)). In addition, the initial rates, (da/dN)i, calculated
at a = 0 (from Fig. 5(b)), are also strongly influenced by the
104 F. Sadeghi-Tohidi, O.N. Pierron / Extreme Mechanics Letters 9 (2016) 97–107Fig. 5. (a) Calculated crack size, a, as a function of cycles for three representative tests (η = 17% µm−1) performed at 30 °C, 50% RH (see Fig. 2(c) for
the corresponding f0 evolution curves); (b) Corresponding crack propagation rate curves, with one representative curve for η = 36% µm−1; Initial crack
propagation rates, (da/dN)i as a function of (a) σa , and (b) εpa , for all testing conditions. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)stress gradients, as illustrated in Fig. 5(c) and (d) showing
the rates for both η = 17 and 36% µm−1 (and both testing
environments) as a function of σa and εpa, respectively. For
η = 17% µm−1, the initial rates could be calculated down
to σa = 300MPa (εpa = 5×10−5) whereas nomeasurable
rates could be obtained for σa < 400MPa (εpa = 2×10−4)
for η = 36% µm−1. The trends in Fig. 5(c) and (d) show
that the initial rates are more than one order of magnitude
larger for the lower η. Therefore, for σa > 400 MPa,
the crack propagation rates of the notched microbeams
(η = 36% µm−1) are initially ultralow (from 10−13 to
10−11m s−1) and decrease with increasing a, whereas for
η = 17% µm−1, the crack propagation rates are initially at
least ten times faster and do not decrease with increasing
a. This contrast in the rates of thesemicrostructurally small
cracks, whose growth dictates the fatigue behavior of these
microbeams is also clearly manifested in the stress and
strain–life curves, as shown next.3.4. Stress and strain–life curves
The strong stress gradient effects are also observed in
the σa−Nf and εpa−Nf curves, shown in Fig. 6(a) and (b),
respectively. At σa ∼ 450 MPa (εpa ∼ 6 × 10−4), the fa-
tigue lifeNf is 1000 times shorter for η = 17%µm−1 (Nf =
105 cycles) than for η = 36% µm−1 (Nf = 108 cycles),
highlighting significant differences. Fig. 6(a) also shows a
stress–life fatigue curve under fully reversed loading con-
ditions andno stress gradients (unnotched specimens) that
was predicted from the measured tension–tension uniax-
ial fatigue properties [29]. The tensile properties for that
electroplated Ni were similar to ours, with a 0.2% yield
stress of 508 MPa and an ultimate tensile strength of
863 MPa, which warrants a proper comparison with our
σa − Nf curves under extreme stress gradients. The fa-
tigue limit is ∼450 MPa (50% of tensile strength) for η =
F. Sadeghi-Tohidi, O.N. Pierron / Extreme Mechanics Letters 9 (2016) 97–107 105Fig. 6. (a) σa–Nf curves and (b) corresponding εpa–Nf curves for η = 17 and 36% µm−1 at 30 °C, 50% RH and 80 °C, 90% RH; Small black arrows represent
run-out fatigue tests. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)Table 1
Basquin and Coffin–Manson coefficients for η = 17 and 36% µm−1 at 30 °C, 50% RH and 80 °C, 90% RH (see Fig. 6).
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17% µm−1 685 690 −0.039 −0.041 0.011 0.012 −0.259 −0.275
36% µm−1 705 680 −0.023 −0.023 0.016 0.014 −0.175 −0.17536% µm−1 and ∼300 MPa (35% of tensile strength) for
η = 17% µm−1, compared to a fatigue limit of 250 MPa
(29% of tensile strength) for η = 0% µm−1. Fig. 6 also
shows the power fits of the fatigue data: Basquin equation
for Fig. 6(a)
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c. It is interesting to note that
both equations appear to fit well the high cycle fatigue data
(Nf > 105 cycles), although it has already been shown that
the Coffin–Manson equation can fit the high cycle fatigue
data in the case of coarse grained and ultrafine grained
Cu [30]. Table 1 lists the Basquin and Coffin–Manson pa-
rameters for the different curves. The Basquin exponent,
b, decreases from −0.023 (η = 36% µm−1) to −0.04
(η = 17% µm−1) and −0.07 (η = 0% µm−1). Typical
b values for bulk metals range from −0.05 for hardened
metals to −0.12 for soft metals, with an average value of
b = −0.085 [28]. Similarly, the Coffin–Manson coeffi-
cient, c , decreases from −0.18 (η = 36% µm−1) to −0.26
(η = 17%µm−1), while typical c values for bulk metals are
−0.6 (ranging from−0.5 to−0.8) [28].
Figs. 5 and 6 do not show any significant differences in
the fatigue response (initial crack growth rates, fatigue life
curves) between the two tested environments, the harsher
one having a slightly higher temperature (80 vs. 30 °C)
and a partial pressure of water twenty times larger. This
is in stark contrast to the fatigue behavior of perfectly
brittle Si thin films (using the same microresonator
concept [31]) where the same harsh environment is
responsible for much lower fatigue lives with respect toa mild environment [32–34]. The environmental effects
for Si can be rationalized by the fact that the critical
crack sizes in brittle Si films are much smaller than that
of the Ni films (tens of nm vs. several micrometers) and
therefore these cracks growing from the surface are more
directly impacted by the environment (such as stress-
assisted surface oxidation [33,35] or environmentally-
assisted cracking [32,36]). In the case of theNimicrobeams,
the presence of oxygen along the crack flanks suggest that
the environment plays a role in the growth mechanism
of these microstructurally small cracks, even though no
significant differences can be observed between the two
environments. The high stresses at the crack tip must play
a role in the increased presence of oxygen along the crack
flanks, as the oxygen concentration is not as large along the
surface of the remaining ligament that was broken after
the fatigue test (see Fig. 4 and Fig. S3 in the Supplementary
Information). Testing in a vacuum environment in order to
compare the fatigue lives with that obtained in air would
be required to further investigate the role of environment.
4. Concluding remarks
This paper unveiled the significant effects of extreme
stress gradients on the fatigue lives of metallic mi-
crobeams, in terms of endurance limit or shape of the
stress–life and strain–life curves. The more extreme the
stress gradient, the shallower the stress–life and strain–life
curves, as manifested by the smaller (in absolute values)
Basquin and Coffin–Manson exponents. As demonstrated
106 F. Sadeghi-Tohidi, O.N. Pierron / Extreme Mechanics Letters 9 (2016) 97–107above, these strong effects, resulting in fatigue lives differ-
ing by three orders of magnitude for a given σa, are mainly
driven by the effects of extreme stress gradients on the
crack growth rates on microstructurally small cracks. Not
only are the initial rates ten times faster for η = 17%µm−1
compared to η = 36%µm−1, the discrepancy is even larger
with increasing crack size from 0 to 2 µm. SEM observa-
tions for both types of specimens (see Fig. 3 and Ref. [14])
reveal that fatigue cracks nucleate along the edges of ex-
trusions and grow as stage I crystallographic cracks. Hence,
this study shows that, while the mechanisms for fatigue
crack nucleation and small crack growth appear to be the
same for η = 17 and 36% µm−1, the kinetics for these
microstructurally small cracks are largely affected by the
stress gradients and responsible for the significant differ-
ences on fatigue lives. Accurate prediction of these mi-
crobeams’ fatigue response will therefore require the de-
velopment of physics-based models for microstructurally
small crack growth, which are still in their infancy even
in the absence of stress gradients [37–39]. Such models
would be useful to quantify the evolution of the stress gra-
dient ahead of the fatigue cracks and its correlation with
the measured evolution in crack growth rates. In that re-
gard, as future work, the fatigue microresonators are well
suited to perform in situ SEM fatigue experiments in order
to investigate the fatigue response in vacuum conditions
and to further understand the effects of environment (oxy-
gen andwater) on fatigue crack formation andmicrostruc-
turally small crack growth under extreme stress gradients.
Appendix A. Supplementary data
Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.eml.2016.05.
011.
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